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SUMMARY
1. In considering the evolutionary dynamics of host–parasite interactions, it is usually assumed that
host populations are able to evolve rapidly under selection from various parasitic pressures. This has
been shown for endoparasites, but for ectoparasites and/or epibionts, in general, less strong effects
are expected on their hosts.
2. We show that the exposure of Daphnia magna clones (of a different origin) to lake sediment from
the Danish Lake Ring, containing dormant eggs of the epizoic rotifer Brachionus rubens, results in
infections that are associated with increased mortality in Daphnia.
3. Using a resurrection ecology approach, we reconstructed evolutionary change in the Lake Ring
D. magna population in response to B. rubens infections. We observed interclonal variation in resis-
tance to B. rubens in this Daphnia population, as well as changes over time in resistance to rotifers.
4. Both sediment exposure and time period from which Lake Ring clones were isolated affected
important life-history parameters, suggesting that evolution (upon exposure to Brachionus) not only
affected resistance to Brachionus, but also other traits in Lake Ring Daphnia.
5. Additionally, there were complex effects of a joint exposure of D. magna to rotifers and the indirect
effect of fish predation: exposure to fish kairomones resulted in an increased allocation of energy to
early reproduction and Daphnia performance. Further, fish kairomones apparently increased B. rubens
infectivity.
Keywords: Daphnia magna, epizootic rotifer, micro-evolution, resurrection ecology
Introduction
Host populations are under selection from parasite
infections, and parasites are constantly evolving with
respect to their capacity to overcome host defences and
to invade host individuals. This can lead to adaptive
genetic changes both in the host and in its (endo)-para-
sites (Woolhouse et al., 2002; Ebert, 2008; Penczykowski,
Forde & Duffy, 2011). Such dynamics of adaptive pro-
cesses have been well documented in Daphnia for endo-
parasites (Decaestecker et al., 2007; Wolinska et al.,
2011). By definition, endoparasites develop internally in
the host and, in general, sequester resources from it,
inducing strong negative effects on host fecundity and
survival.
Epibionts live on the surface of the host and are usually
considered harmless or even beneficial. In general, they
are expected to have a smaller impact on the host popula-
tion than endoparasites (Decaestecker et al., 2005; Ebert,
2005), but negative effects for epibionts have been
reported (Green, 1974; Willey, Cantrell & Threlkeld, 1990;
Chiavelli, Mills & Threlkeld, 1993). Rotifers live in close
association with other organisms (May, 1989). They may
compete strongly with the host for food (Matveeva,
1989). Furthermore, because rotifers are attached to the
carapace of their host, they can reduce zooplankton
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buoyancy and host mobility, making it more difficult for
the host to obtain food, thus constraining survival,
growth and fecundity (Matveeva, 1989; Iyer & Rao, 1993).
Jaramillo-Londono & Pinto-Coelho (2010) reported that
intrusion of individuals of the rotifer Hexartha intermedia
into the filtering chamber of the cladoceran Bosmina longi-
rostris revealed signs of a new ecological relationship that
could be seen as a fusion of parasitism with interference
competition. Here, we investigated whether there is a
potential for evolutionary responses by Daphnia as a
result of the selective pressure of epizoic rotifers.
Brachionus rubens is the most widespread and common
rotifer that lives facultatively on cladocerans. It can have
a planktonic stage but is commonly epizoic and attached
to the carapax of large-bodied Daphnia via a secretion
released by the pedal glands (Green, 1974). Through a
behavioural adaptation for rapid attachment (Iyer &
Rao, 1993), B. rubens minimises the effects of mechanical
interference, which occurs when rotifers are swept into
the Daphnia’s branchial chamber and are ingested, or
more commonly, damaged when rejected (Dieguez &
Gilbert, 2011). This enables the rotifers to cover the
entire surface of the Daphnia. Brachionus infections
clearly can be harmful to the Daphnia host. If the large
number of Brachionus individuals form a ‘sleeve’ around
the host, it can lead to complete immobility and mortal-
ity in Daphnia juveniles (Matveeva, 1989). Brachionus
infections reduce the swimming capacity and feeding
rate of Daphnia (Iyer & Rao, 1993), possibly resulting in
stress and trade-offs in energy allocation in the Daphnia
and causing negative effects on Daphnia survival, growth
and fecundity.
To trace evolutionary changes in the epizoic–host
interaction, we used a ‘resurrection ecology’ approach
(Hairston et al., 1999; Cousyn et al., 2001; Jeppesen et al.,
2001; Kerfoot & Weider, 2004). In freshwater systems,
the long viability of dormant stages of zooplankton, and
the fact that they are deposited in stratified, dateable
lake sediments, allows comparison of traits from
hatched individuals derived from different time periods
(Decaestecker et al., 2004; Jansen et al., 2010; Frisch et al.,
2014). It is possible to confront hatched Daphnia clones
with infective stages and thus to reconstruct evolution-
ary changes in adaptation between antagonists over time
(Decaestecker et al., 2007). In our study, we used this
approach to reconstruct changes in Daphnia resistance to
infection with the epizoic rotifer Brachionus rubens in the
natural D. magna population of Lake Ring, Denmark.
We hypothesised that the Daphnia–epizoic interactions
are embedded in a broader set of interactions within the
community and focussed on fish predation. Predation is
important in the ecology and evolution of zooplankton,
and causes both direct and indirect effects. Predator
induced changes in behaviour or energy allocation can
cause strong effects with respect to micro-evolutionary
interactions of prey populations (Cousyn et al., 2001;
Decaestecker, De Meester & Ebert, 2002; Preisser,
Bolnick & Benard, 2005; Beckerman, Wieski & Baird,
2007). Here, we addressed only indirect effects, partly
due to logistical constraints but also because experimen-
tal exposure of D. magna to fish kairomones has shown
there is microevolution of antipredator traits in response
to fish predation in Lake Ring (Michels et al., 2007).
These effects may have indirectly affected Brachionus
infectivity through changes in Daphnia life history.
We performed experiments to reconstruct the dynam-
ics of abundance of the epizoic rotifer B. rubens in the
D. magna population of Lake Ring. We also investigated
whether responses to Brachionus have been indirectly
modified by fish presence. Our particular aims were to
test
1. for the potential of D. magna to evolve resistance to
B. rubens.
2. whether changes in D. magna over time were asso-
ciated with changes in the density of B. rubens.
3. whether the response of the resident Daphnia popu-
lation to the rotifer has been affected by the presence of
predator cues (fish kairomones).
4. if the costs of adaptation (reflected in fecundity
parameters) to rotifer infection and the presence of fish
kairomones have changed over time.
Methods
Study site and Daphnia clones
Lake Ring is a shallow lake (average depth 2.9 m;
22.5 ha) located in central Jutland (Denmark,
55°57051.83″N, 9°35046.87″E). The lake became strongly
eutrophic at the beginning of the 20th century, due to
sewage inputs. In an effort to restore the ecosystem, the
sewage inflow was stopped in 1970. This first led to a
very gradual recovery, followed by a substantial
increase in water clarity from the mid-1980s onwards
(for more details and a description of Lake Ring, see
Michels et al., 2007). Three successive periods in the his-
tory of Lake Ring can be discerned: clear water from
1908 to 1937 and from 1986 to 2000 (henceforth referred
to as the pre-eutrophication and the clear water periods)
with a turbid period (1960–1980), characterised by high
fish predation, between the two. The lake has long
received untreated sewage from the City Brædstrup
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(c. 3.500 inhabitants) and, between 1937 and 1960, the
lake gradually became more eutrophic. Periodic fish
kills, typical for lakes receiving high organic matter
loading, is probably the reason for the gradual increase
in the abundance of D. magna. The paleolimnological
data, however, also indicated an overall increase in fish
predation pressure, suggesting that periods with low
fish predation (after fish kills), with dominance of
D. magna and relatively clear water, alternated with
periods dominated by smaller cladocerans and with tur-
bid water. This is often the case in other hypertrophic
lakes with high loading by untreated sewage water (Je-
ppesen et al., 1998). We identified the study periods both
(i) to be sure that we had clearly defined periods in
which we knew that the conditions were distinct and (ii)
from which we could hatch sufficient clones, which is
why we allowed a longer intervening period (1937–60)
for which there were less historical data.
Three sediment cores (length: 30 cm, diameter 15 cm)
were taken from Lake Ring and sectioned horizontally
into 0.5-cm slices, packed in light-tight containers and
stored at 4 °C until further processing. Daphnia magna
clones were hatched from the cores by filtering the sedi-
ment through a 250-lm mesh and exposing it to hatch-
ing stimuli (20  1 °C, fresh medium, 16L:8D
photoperiod). Six, 11 and nine clones were successfully
hatched from the pre-eutrophication, the turbid and the
clear water periods, respectively (Michels et al., 2007),
and were kept as clonal lineages in the laboratory for
several generations before the experiment.
Experimental design
We conducted two successive experiments under stan-
dardised laboratory conditions (20  1 °C, medium
refreshed daily, 16L:8D photoperiod).
In Experiment 1, we exposed na€ıve Belgian Daphnia
clones to Lake Ring sediments from three different
depths in the core, corresponding to the three distinct
time periods. This allowed us to measure the impact of
B. rubens infection on Daphnia and to reconstruct the
abundance of B. rubens in Lake Ring for the different
time periods, under the assumption that the number of
dormant stages reflects the density of rotifer populations
at the time (Verschuren & Marnell, 1997; Jeppesen et al.,
2001; Decaestecker et al., 2004) and that viability of the
dormant stages does not decline over time (as in Decaes-
tecker et al., 2004).
In Experiment 2, we tested whether there were differ-
ences in resistance to B. rubens among the Daphnia
clones derived from the different time periods in Lake
Ring. In addition, we tested whether rotifer resistance to
infection was influenced by the indirect response to pre-
dation risk. Therefore, D. magna clones derived from dif-
ferent time periods (hence different fish predation
regimes) were exposed to Lake Ring sediment in the
presence and absence of fish kairomones.
In Experiment 1, we used four random Daphnia
clones, isolated from sediments of a natural pond [Oud
Heverlee, Belgium, 50°50022.16″N, 4°39018.16″E; clones
B1, B4, B6 en B8 in Cousyn et al. (2001)] with a low con-
centration of dormant Brachionus eggs (Pauwels et al.,
2010). We used four clones to counter any clone-specific
responses and used clones that did not originate from
Lake Ring to avoid any interference caused by adapta-
tion of the local clones to possible (ecto-)parasites. We
assumed that more than one endo- or ectoparasitic spe-
cies could be present in the Lake Ring sediment, but
detected mainly infections with the epizoic rotifer
B. rubens. At the start of the experiment, a cohort of
seven newborns (younger than 24 h) of each Daphnia
clone were jointly exposed to Lake Ring sediment from
each of the three different time periods (exposure in 50-
mL jars, containing about 5 mL of mixed sediment from
a given time period and 45-mL dechlorinated tap water)
in nine replicates (in total: four clones x three time peri-
ods x nine replicates: 108 experimental jars). During the
first 3 days, the experimental Daphnia were fed daily a
relatively small amount of food (1 9 105 algal Scenedes-
mus obliquus cells mL1, corresponding to 0.75 mg
C L1) to stimulate benthic grazing behaviour to
increase contact with the sediment and thus the likeli-
hood of infection with the parasites and (hatching) epi-
bionts present (Decaestecker et al., 2002). Subsequently,
the food was doubled to increase parasite growth (Pul-
kkinen & Ebert, 2004). At normal temperatures, Brachi-
onus resting eggs typically hatch within a few days,
juveniles mature 2 days later and, in optimal conditions,
can lay eggs up to three times a day, which can lead
rapidly to high densities (Gilbert, 2004). We scored
Daphnia for infection with adult B. rubens after 7 days of
exposure to lake sediment. We measured prevalence
(proportion of infected individuals), infection intensity
(mean number of B. rubens per Daphnia individual, cor-
rected for dry mass of the sediment) and Daphnia sur-
vival. The relative short exposure time and the fact
B. rubens attaches preferentially to living hosts (Iyer &
Rao, 1993) ensures that Brachionus infection intensity can
be used as a good proxy for the relative initial density
of resting eggs in the sediment. We note that we might
have overestimated actual prevalence, compared with
the field situation, given that our experiment involved
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an artificially high exposure to the sediment in a small
volume of water. However, our experimental exposure
was performed as an assay to quantify changes in rotifer
abundance over time as well as the intrinsic capacity of
Daphnia clones to deal with Brachionus, rather than as a
mimic of natural conditions.
In Experiment 2, we studied the resistance to B. rubens
of the Daphnia clones derived from the different time
periods. We reared all clones for several generations in
standardised conditions prior to the experiments. At the
start of the experiment, we exposed the Daphnia clones
from the different sediment depths to a sediment suspen-
sion consisting of a mixture of 60 core slices covering the
three different time periods or to a control treatment
(without sediment). In total, there were 312 experimental
jars (two sediment treatments 9 two fish treatments 9 26
clones in three replicates). We added 400 mL of standar-
dised sediment suspension to the experimental jars in the
sediment suspension treatment. When settled, these
contained 28 cm³ of sediment. The control treatment con-
sisted of 400 mL dechlorinated tap water. We allowed the
sediment to settle for 1 day before inoculating the
Daphnia. Subsequently, in both sediment and control jars,
the medium was diluted by adding 100 mL fish medium
or dechlorinated tap water, depending on the treatment
(presence or absence of fish kairomones). Fish medium
was prepared as described in Decaestecker et al. (2002):
dechlorinated tap water was conditioned by the presence
of three Leuciscus idus (c. 6 cm) in a 20 L aquarium for
24 h, and filtered through a 0.45-lm mesh. Fish were fed
outside the aquarium to avoid interference from alarm
substances from their prey. The final concentration of fish
kairomones in the experimental jars was equivalent to
three fish per 100 L. At the start of the experiment, each
jar was inoculated with five newborns (younger than
24 h) of a single Daphnia clone. Every day, 20% of the
medium was refreshed with either fish-conditioned or
aged tap water, and all juveniles were removed.
On day 22, all individuals were checked visually for
B. rubens presence. In addition, two of the five animals
per experimental jar were dissected and thoroughly
examined for the presence of other parasites using
phase-contrast microscopy at 4009 magnification. This
provided data on parasite infection intensity for both
B. rubens and other parasites. In addition to mortality,
we also quantified life-history parameters on all animals
in the experiment. We measured age at release of first
brood and fecundity (total number of offspring pro-
duced during the course of the experiment: 22 days cor-
rected for surviving Daphnia). As a measure of
performance, we calculated the intrinsic population
growth rate ‘r’ (based on the number of offspring and
survival during the experiment, following the Euler
equation; see Stearns, 1992).
Data analysis
In Experiment 1, we investigated parasite density over
time in Lake Ring by exposing na€ıve Daphnia clones to
different lake sediment depths and investigating parasite
infection intensity. As variances were not homogeneous
during the different time periods, we fitted the data into
a generalised least square (GLS) model to analyse the
time period effect of the Lake Ring sediment as well as
the clonal variation on B. rubens infection intensity and
Daphnia survival. To investigate whether B. rubens infec-
tion intensity was associated with fitness effects in the
Daphnia host, we performed a Spearman Rank Correla-
tion test between B. rubens infection intensity and Daph-
nia survival, using Daphnia clonal means.
In Experiment 2, we analysed resistance to B. rubens
with respect to infection intensity, mortality and impact
on fecundity and age at first brood in the resident
D. magna population of Lake Ring. This was investigated
in the absence and presence of fish kairomones. Brac-
hiouns rubens infection intensity was analysed using a
general linear model (ANOVA) testing for the effect of
clone (random factor nested in time period), time period,
fish kairomones and their interaction effects. Fecundity
parameters were similarly analysed using a general lin-
ear model (ANOVA), with clone (random factor nested
in time period), time period, fish kairomones and the
presence or absence of infectious sediment as factors.
The generalised least square (GLS) models were fitted
by REML, R package, version 2.15 (R Foundation for
Statistical Computing, Vienna, Austria), whereas all
other statistical analyses were performed using STATISTICA
9.1 (StatSoft, Tulsa, OK, U.S.A.).
Results
In both experiments, exposure of Daphnia to sediment
from Lake Ring resulted in infections by the epizoic roti-
fer B. rubens. Overall, we observed an overall mean of
>60% prevalence for both experiments. Sporadically, an
unknown brood parasite infection was also recorded,
this being minor (mean over both experiments: 4%) and
was therefore excluded from further analyses.
The prevalence of the rotifer infections, as well as the
number of rotifers on the na€ıve Belgian Daphnia clones,
decreased upon exposure to more recent Lake Ring sedi-
ment (Experiment 1; Fig. 1a). This was associated with a
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significant effect of time period on B. rubens infection
intensity (GLS test, time period effect: F2,85 = 8.08;
P < 0.001). Daphnia mortality also decreased when Daph-
nia individuals were exposed to sediment from more
recent versus older time periods (Fig. 1b, GLS, time per-
iod effect: F2,96 = 61.4; P < 0.001). No clonal variation in
either prevalence or survival in the Belgian clones was
observed (GLS, clone effect: F3,85 = 0.85; P = ns;
F3,96 = 0.23; P = ns). The Belgian clones also did not
respond differently upon exposure to Brachionus contain-
ing mud from different time periods in Lake Ring (GLS,
clone 9 time period interaction: F6,85 = 0.39; P = ns;
F6,96 = 0.26; P = ns). Across clones, there was a strong
negative correlation between Daphnia survival and
B. rubens infection intensity (Spearman Rank on averages
for all clone and time period combinations; n = 12;
r = 0.85; P = 0.0005, Fig. 1b), suggesting that increasing
numbers of B. rubens individuals had a cumulative nega-
tive effect on Daphnia survival.
In Experiment 2, we observed a strong Daphnia clone
effect on B. rubens infection intensity (Table 1), indicating
high variation in parasite resistance in the set of Lake Ring
Daphnia clones studied. Time period had a significant
effect on B. rubens infection intensity (Fig. 2; Table 1). A
Fisher LSD post hoc test indicated that B. rubens had a sig-
nificantly lower infection intensity in Daphnia clones
derived from the recent clear water period than in clones
derived from the older turbid period (mean B. rubens
infection intensity clear water period 14.95  1.81 versus
turbid water period 21.31  1.66, P < 0.005). There was
no significant difference between pre-eutrophication and
the clear water period, or between pre-eutrophication and
turbid water period. Exposure to fish kairomones tended
to increase infection intensity (marginally non-significant
by ANOVA, P = 0.06: Table 1; Fig. 2).
There was a strong increase in mortality (Table 2;
Fig. 3a), a reduction in age of first brood (Table 2;
Fig. 3b), and a decrease in total number of offspring
(Fig. 3c), in the Lake Ring clones upon exposure to the
lake sediment containing Brachionus. These different
responses in fitness traits equalled each other, such that
there was no significant effect of sediment on Daphnia
performance (Table 2; Fig. 3d). The increase in mortality
and the decrease in total number of offspring and
performance in the presence of sediment was clone-
dependent (see sediment 9 clone interaction in Table 2).
Further analysis of Daphnia life-history traits revealed
strong clonal effects (Table 2). Time period had no
significant effect on Daphnia mortality (Table 2; Fig. 3a),
but there was a significant time period effect on the age
(a)
(b)
Fig. 1 Results of Experiment 1. (a) Prevalence (proportion of
infected cohorts) in four Daphnia clones from a Belgian pond (Oud
Heverlee) exposed for 7 days to Brachionus rubens dormant eggs
present in sediment from the three different time periods of Lake
Ring. (b) Clonal means of Daphnia survival plotted against infection
intensity (average number of Brachionus on Daphnia individuals,
corrected for dry mass of the sediment). Means  SE and the
regression line are given; symbols: squares, circles and triangle
represent the pre eutrophication (1908–37), turbid water (1960–80)
and clear water (1986–2000) periods, respectively.
Table 1 General linear model testing for the effect of clone
(random factor nested in time period), time period and fish
kairomones on Brachionus rubens infection intensity on Daphnia
magna clones hatched from sediments from three different time
periods in Lake Ring (Experiment 2)
Source of variation Effect d.f. F P
Clone (time period) Random 23, 95 2.77 <0.001
Time period Fixed 2, 95 3.38 0.04
Fish kairomones Fixed 1, 95 3.50 0.06
Clone (time period)
9 Fish kairomones
Random 23, 95 0.63 0.96
Fish kairomones
9 Time period
Fixed 2, 95 0.04 0.89
Significant P-values are indicated in bold.
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at release of first brood and on fecundity (Table 2).
Daphnia from the recent clear water period released their
brood at a later age than did those from the two older
Lake Ring time periods (the pre-eutrophication and
turbid water periods, Fig. 3b; Fisher LSD post hoc test;
mean age at release of first brood of clones from the
pre-eutrophication period 10.8  0.66 and from the
turbid water period 10.8  0.12 versus clones of the
clear water period 11.2  0.14, with P = 0.02 and 0.05,
respectively). Daphnia from the recent clear water period
also produced less offspring than clones from the older
time periods (Fig. 3c: Fisher LSD post hoc test; mean
fecundity of clones of the pre-eutrophication period
17.7  0.51 juveniles/Daphnia and from the turbid water
period 16.9  0.42 versus clones of the clear water
period 15.8  0.45, with P < 0.001 and P = 0.02,
respectively). There was no significant effect of time
period on performance (‘little r’: Table 2; Fig. 3d).
Exposure to fish kairomones did not affect mortality
(Table 2; Fig. 3a), but fish exposure reduced the age at
release of first brood (Table 2; Fig. 3b) and increased
Daphnia fecundity (Table 2; Fig. 3c), which resulted in
superior Daphnia performance in the presence of fish
kairomones (Table 2; Fig 3d).
Discussion
Using a resurrection ecology approach, we analysed
changes in the abundance of the epizoic rotifer B. rubens
and its impact on D. magna over time. These changes
took place over the course of the last century in a natu-
ral lake that has a well-documented history of eutrophi-
cation and recovery, and associated changes in fish
predation response in Daphnia (Lake Ring, Denmark:
Berg et al., 1994; Jeppesen et al., 2000; Michels et al.,
2007). With respect to changes in B. rubens density over
time, our observations of a dense dormant egg bank of
rotifers in Experiment 1 suggest that B. rubens popula-
tion density was much greater formerly (1908-1937) than
more recently. This conclusion relies on the assumption
that the number of dormant eggs reflects population
density and that the viability of eggs does not decline
over time, as discussed in Decaestecker et al. (2004).
However, note that if dormant eggs were less viable
with ageing, our interpretation is conservative, as this
would imply that the dormant egg bank in older
Fig. 2 Brachionus rubens infection intensity after 22 days in the
presence (solid symbols) and absence (open symbols) of fish
kairomones on Daphnia clones for the three populations from
different time periods in the history of Lake Ring in Experiment 2.
Population means  SE were calculated using clonal means.
Table 2 General linear model testing for the effect of clone (random factor nested in time period), time period, fish kairomones and sedi-
ment containing Brachionus rubens on mortality, age at first brood, fecundity and performance of Daphnia magna hatched from sediments
from three different time periods in Lake Ring (Experiment 2)
Source of variation Effect d.f.
Mortality
Age at first
brood Fecundity Performance
F P F P F P F P
Clone (Period) C(P) Random 23, 207 0.89 0.61 4.15 <0.001 4.10 <0.001 3.29 0.03
Time period (P) Fixed 2, 207 0.02 0.98 6.23 0.002 6.87 0.001 0.80 0.46
Fish kairomones (F) Fixed 1, 207 0.08 0.78 5.86 0.018 19.3 <0.001 57.5 <0.001
F 9 C (P) Random 23, 207 1.24 0.30 1.32 0.16 0.61 0.92 0.47 0.96
F 9 P Fixed 2, 207 1.20 0.32 0.60 0.55 0.18 0.84 0.10 0.90
Sediment (S) Fixed 1, 207 14.1 <0.001 10.7 0.001 108 <0.001 2.37 0.14
S 9 C(P) Random 23, 207 2.57 0.01 0.68 0.87 1.89 0.01 2.06 0.04
S 9 P Fixed 2, 207 0.59 0.56 0.87 0.42 1.16 0.31 0.30 0.74
Sediment 9 Fish kairomones Fixed 1, 207 0.90 0.35 0.00 0.96 0.08 0.78 0.15 0.70
S 9 F 9 C(P) Random 23, 207 0.45 0.99 0.73 0.81 1.03 0.43 0.92 0.57
S 9 F 9 P Fixed 2, 207 1.24 0.31 1.02 0.36 0.21 0.81 0.52 0.60
Significant P-values are indicated in bold.
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sediments is even denser than observed. Another
assumption is that infections after 7 days are a good
proxy for the density of dormant eggs in the sediment
and that there are no differences in the reproductive
capacity of rotifers hatched from different time periods.
A difference in rotifer reproduction seems rather unli-
kely, given that we would expect a greater reproduction
in the intermediate, eutrophication period than in the
oldest, pre-eutrophication period (Jaramillo-Londono &
Pinto-Coelho, 2010). Nevertheless, there was no differ-
ence in prevalence (estimated population density of roti-
fers) between the eutrophication and pre-eutrophication
periods, and infection intensity was much lower in the
former than the latter. Such a difference in rotifer repro-
duction would again make the observed differences in
infection intensity more conservative.
Most studies on the impact of epibionts report rela-
tively small effects on Daphnia populations (Decaestecker
et al., 2005; Ebert, 2005), with the exception of Kankaala &
Eloranta (1987) who reported a strong competitive effect
of Vorticella on Daphnia longispina. Nevertheless, we show
here that Brachionus rubens may exert selection pressure
on Daphnia in several ways. Exposure of Daphnia to the
sediment (containing dormant eggs of the epizoic rotifer)
resulted in severe mortality (increased by up to >35%)
and reduced fecundity. As both antagonists feed on ‘edi-
ble’ algae, the rotifers are likely to compete with Daphnia
for food (Gilbert, 1988). By attaching to the carapace of its
host, B. rubens can interfere with the Daphnia filter appa-
ratus, reducing its feeding rate. High burdens of rotifers
on zooplankton individuals and associated negative
effects have been reported in the field and may occur
more often than one would expect from the literature,
given that detection is difficult since the rotifers often
detach very quickly upon sampling. Intrusion of rotifers
into the filtering chamber of the host has been described
as a mixture of parasitism with interference competition,
increasing rotifer fitness, especially in eutrophic condi-
tions (Jaramillo-Londono & Pinto-Coelho, 2010).
We cannot fully exclude the possibility that the negative
effects of the rotifers on Daphnia were the result of
sediment toxicity, but this seems unlikely for the follow-
ing three reasons. First, if toxic effects occurred, we would
have expected these to be strongest in the turbid, inter-
mediate period, when the lake received sewage, whereas
the most notable effect of the sediment with rotifers to
na€ıve Daphnia was found in the pre-eutrophication period
in Experiment 1. Secondly, in the presence of sediment,
(a) (b)
(c) (d)
Fig. 3 (a) mortality (% dead at the end of the 22 day experiment, (b) age at first brood, (c) fecundity (total number of offspring/Daphnia
produced in 22 days), and (d) performance of Daphnia clones hatched from sediments representing three different time periods in Lake
Ring, in the presence and absence of fish kairomones and sediment containing Brachionus rubens in Experiment 2. Means  SE are given.
© 2014 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12344
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Daphnia matured more quickly, an effect that cannot be
attributed to sediment toxicity. Thirdly, a cumulative neg-
ative effect of B. rubens individuals on host mortality was
observed, an effect that was reflected in the negative
correlation of B. rubens infection intensity with D. magna.
In agreement with the strong impact of B. rubens infec-
tion on Daphnia fitness, we observed significant variation
(presumably genetic) in the resistance to Brachionus
infection of the D. magna population of Lake Ring in
Experiment 2. When exposing different Daphnia clones
hatched from the dormant egg bank of this lake to sedi-
ments containing dormant eggs of B. rubens, strong dif-
ferences emerged in infection intensity among clones.
This clonal variation in infection intensity reflects evolu-
tionary potential and was observed both in the presence
and absence of fish kairomones. Our data revealed a
change over time in how the Daphnia population coped
with B. rubens infectivity, as Daphnia clones derived
from the most recent, clear water period (from 1986
onwards) were less infected with Brachionus than the
clones derived from the preceding time periods. Our
data thus suggest micro-evolution with respect to rotifer
resistance over time, which is probably the result of a
combination of competitive strength and defence mecha-
nisms (behavioural adaptations which may result in
avoiding rotifers, see Gilbert & Hampton, 2001; or
increased mechanical interference, where rotifers are
damaged or killed as they are swept into the filter cham-
ber and are then further ingested, see Gilbert, 1988). It is
possible that the increased resistance may have contrib-
uted to the decline in Brachionus abundance observed in
the most recent period.
The evolved defence was, however, associated with
reduced fecundity (delayed reproduction and a lower
total number of offspring) in Daphnia from the recent clear
water period in Lake Ring, which might possibly reflect a
cost related to their resistance to Brachionus during that
time period. However, the release from eutrophication
could also have had a strong impact on the difference in
fecundity parameters between the time periods. When
more resources are available, traits associated with higher
growth and reproduction are mostly favoured (Tessier,
Leibold & Tsao, 2000), influencing the competitive
strength of the Daphnia. This could also explain the
reduced fecundity in the clear water period, although it
contrasts with the high fecundity characteristic of the pre-
eutrophication period, which was also nutrient depleted
(at least relative to the eutrophication period).
We observed the typical indirect effects of fish preda-
tion, when Lake Ring Daphnia were exposed to fish
kairomones: an increased allocation of energy to early
reproduction that positively affected Daphnia fecundity
and performance, even in the presence of sediment con-
taining B. rubens. Although rapid development, associ-
ated with a greater number of, and a shorter interval
between, moultings might potentially release the Daph-
nia from rotifer infection on their carapaces (Threlkeld,
Chiavelli & Willey, 1993), exposure to fish kairomones
tended to increase B. rubens infection intensity. This
increased infection intensity might be the result of
behavioural shifts (as detected for this population by
Michels et al., 2007), causing increased encounter rates
with Brachionus. Alternatively, it could reflect reduced
investment in parasite resistance, as a competing cost
with investment in antipredator responses (Yin et al.,
2011). Further, as rotifers suffer from mechanical inter-
ference (Gilbert, 1988), the increase in Brachionus infec-
tion intensity upon exposure to fish kairomones might
be the result of a reduction in filtering rate and energy
uptake of D. magna induced by fish (Beckerman et al.,
2007), or another behaviour that might increase the pro-
pensity of Brachionus to attach. The presence of fish kair-
omones resulted in a higher performance (a faster
population growth) and might indirectly have contrib-
uted to the decline in rotifer abundance in the Lake Ring
population over time, because of changes in competitive
interactions. Note, however, that we did not measure
the direct effect of fish predation on Daphnia mortality,
so we cannot disentangle any effect on mortality of an
interaction between fish predation and the number of
rotifers on the Daphnia.
In conclusion, our results revealed temporal changes
in the density of the rotifer B. rubens in Lake Ring, with
the highest population density in the older sediment
layers. Brachionus rubens infection intensity was found to
be strongly associated with Daphnia mortality, indicating
that B. rubens might act as a strong selection pressure,
which differs with what is generally assumed for epizoic
rotifers or the ectoparasites of zooplankton in general. In
line with B. rubens being a selection pressure, we
observed variation in resistance against B. rubens of the
resident D. magna population of Lake Ring. This micro-
evolutionary potential translated into changes over time,
with Lake Ring Daphnia from the most recent clear water
period showing lower infection intensity compared with
those of earlier time periods. Both sediment exposure
and age of the sediments from which the clones were
isolated affected important life-history parameters, sug-
gesting that evolution has not only affected resistance to
Brachionus, but also other traits in the Lake Ring popula-
tion of D. magna. All these effects cannot be considered
independently of indirect effects of fish kairomones,
© 2014 John Wiley & Sons Ltd, Freshwater Biology, doi: 10.1111/fwb.12344
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given that there was a strong increase in performance,
differing among clones, upon exposure to fish kairo-
mones.
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